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ABSTRACT 
In recent years interest into molluscan pigments increased. But a lot of techniques have to be adapted 
to be usable with often difficult molluscan tissues and shell material. A comprehensive approach 
needs to encompass both pigment chemistry and molecular biology. Here an improved method for 
testing molluscan shells for the presence of characteristic melanin oxidation products is presented. 
The established method of RT-qPCR relies heavily on sufficiently tested reference genes. 
Comprehensive testing was carried out for both established house keeping genes and novel reference 
genes in the terrestrial gastropod Cepaea nemoralis. Both of these techniques were used to test for 
melanin in mollusc shell pigmentation. Evidence for eumelanin could be found in three conchiferan 
classes: Nautilus pompilius (Cephalopoda), Mytilus edulis (Bivalvia), Clanculus pharaonius and 
Steromphala adriatica (Gastropoda). Both eumelanin and pheomelanin were detected in the gastropod 
C. nemoralis. In this species genes known to be involved in melanin synthesis in insects and mammals 
were screened for their quantitative expression rates in shell producing mantle tissue. It was found 
that Tyrosinase and Tyrosinase Related Protein are well expressed all over the mantle tissue, but show 
no differential expression in band building mantle tissue. Together with evidence of both eumelanin 
and pheomelanin oxidation products throughout the shell of C. nemoralis, this finding leads to the 
conclusion that both types of melanin seem to be involved in shell colouration, but not band 
patterning, of this gastropod shell. A surprisingly large number of other bivalve and gastropod species 
tested for melanin show similar geometric patterns, that could not be verified as eumelanin. Future 
research will hopefully shed light onto this very structurally stable molluscan shell pigmentation.
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CHAPTER 1: GENERAL INTRODUCTION 
Mollusca are the one of the most diverse and successful groups in the animal kingdom [1,2]. With an 
estimated 85,000 extant and over 60,000 fossil species in nine recognized classes they represent the 
second largest phylum of invertebrates[3,4]. Their rapid diversification during the Cambrian 
explosion yielded a wide range of variations on the general mollusc Bauplan [5–7]. Through these 
adaptations of their body plans and lifestyles they successfully conquered all regions of marine and 
limnic habitats, with some gastropod linages even managing to adapt to the challenges of terrestrial 
life [8]. On top of their many roles in recent ecosystems, the shell bearing Conchifera also play a 
major role as markers in the fossil record [9,10]. 
Although less known mollusc classes like Solenogastres, Caudofoveates and Polyplacophora are 
fascinating in their own right, it is the shell bearing molluscs that are best known. Especially the shells 
of Gastropods and Bivalves have been collected and cherished for centuries by children as souvenirs 
and scientific collectors alike. Perceived as especially precious and interesting are shells with 
pigments and patterns. Some of them even play major cultural roles. Some cowrie species were used 
as currency for trade in many different cultures in Africa, Asia and Oceania [11–13]. Conchs and 
Tridacnas are not only used as symbols and building material in native cultures, but were also 
integrated in European architecture and art from the renaissance period onwards [11,14–16]. The 
colourful adornments of certain shells even dictate their value for use in jewellery, but also in 
commercial food species [17–19]. It is these pigments and patterns and their variations on mollusc 
shells that interest researches all around the globe [16]. Although the mathematical concepts of shell 
pattering are well understood and can be computer simulated, little is known on the pigments they 
use and the biological mechanisms employed [16,20–22]. What is the evolutionary purpose for these 
patterns? Is it driven by camouflage to escape predation pressure or is it used as an intraspecific 
communication tool? Why are the patterns of some species stable and useable as identification 
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markers, and other species show polymorphisms in both colouration and patterning? Research over 
the last hundred years has given us some insights into possible answers to these questions. Molluscs 
were shown to employ a number of chemically different pigments in their shells [16,23,24]. First 
efforts were undertaken to understand how mollusc shells are built and in which way pigments could 
be laid down into them [1,25–28]. And a number of studies tried to understand the evolution of 
polymorphic shell patterns, prominently known from the terrestrial snail Cepaea nemoralis including 
research on different selection pressures, underlying genetics and heritability patterns [29–36]. 
Pigments 
Colours in mollusc shells can range from very colourful blues, reds and yellows to monochromatic 
brown/black and white (Fig. 1). The responsible pigments are thought to be built into the shell as it 
is laid down by the molluscs mantle edge [37]. 
Figure 1. 
Mollusc shells can range in colours from white and yellows to dark brown and black, sometimes 
showing geometrically fascinating patterns. 
 
This leads to the assumption that mollusc mantle tissue is either able to produce these pigments or 
they are transported to the mantle edge after being taken up through food sources [16]. In some 
species (e.g. Cepaea nemoralis, Haliotis spp.) corresponding patterns can be observed in the mantle 
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tissue directly beneath shell colouration [25,37,38]. But although molluscs display a large amount of 
different colours, little is known about the chemical composition of their pigments. In one of the 
earliest comprehensive approaches Comfort [24,39–43] tested a range of conchiferan species for 
different pigment classes and indicated the widespread presence of pyrroles and melanins in these 
organisms. He found that tetrapyrroles, mainly as porphyrins and sometimes bile pigments, were 
commonly found in marine gastropods and bivalves [24,39,40]. This pigment class is easily dissolved 
in aqueous acids and shows a distinct reddish fluorescence [16]. Although Comforts’ work is an 
invaluable basis to work from, one has to be aware that the methods available to him at the time were 
only rudimentary compared to modern chemical methods. Many of his works are based on solubility 
tests of these pigments and early chromatographic separations. While these investigations still yielded 
light on basic chemical properties of many mollusc pigments, more in depth and precise methods 
have to be applied to verify pigment classes. Efforts to that end were made in recent studies using 
high performance liquid chromatography and UV detection (HPLC-UV) to further characterise 
molluscan tetrapyrroles as uroporphyrins and protoporphyrins responsible for bright orange and red 
colourations [23,44]. Within this colour range another abundant pigment class are carotenoids, which 
are generally synthesised by plants and only secondarily taken up by animals for colouration [16,18]. 
Carotinoids are well known from plants, but also vertebrates and some Raman spectroscopy studies 
on shell material indicated their possible presence in gastropod and bivalve shells [18,45–50]. 
For dark geometric patterns, and generally darker colourations, melanins are often implicated as the 
responsible pigments [16,24,43]. Although melanins are well known in vertebrates, the term was used 
generically for most brown and black colourations in molluscs as well, often without chemically 
analysing the pigments in question [24,42,51]. More accurately melanins are defined as 
polymerisation products of DOPA (L-3,4-dihydroxyphenylalanine) subunits by enzymatic oxidation 
(Fig. 2) [51–57]. 
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Figure 2. 
Eumelanin and pheomelanin are polymerisation products of DOPA subunits in the absence or 
presence of cysteine. The process is catalysed be the enzyme Tyrosinase, and in some cases 
Tyrosinase Related Proteins. (from d’Ischia et al. [57]) 
 
The resulting macromolecules, termed eumelanin, show a brown to black colour and are very thermo- 
and chemo-stable [52,58–60]. The addition of cysteine during polymerisation results in pheomelanin 
pigments, well known from human red hair [53,61–64]. This even more complex macromolecule can 
produce a colour range of yellows, oranges and reds and is well known from mammals and birds 
[62,64]. But it is chemically difficult to verify either of these melanins due to their specific 
characteristics and complex nature [52,53,60]. An established method for vertebrate samples is 
therefore to measure their characteristic oxidation products by HPLC-UV [65,66]. This method has 
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been adapted from its initial use in human medical studies to some biological samples, including 
some mollusc species [23,64,67,68]. Following these protocols studies found some evidence for 
melanin in shells of gastropods (Clanculus spp.) and bivalves (Mizuhopecten yessoensis, Pteria 
penguin and Crassostrea gigas) and their pearl producing nacre [23,67,69,70]. When investigating 
colouration in mollusc shells one has to take into account the complex nature of this calcified sample 
matrix and the possible pigments involved (Fig. 3). Evidence based on HPLC-UV results as described 
above, without adjusted sample preparation steps, has to be regarded with caution. More sensitive 
methods based on mass spectrometric detection, as presented in the Pteria study [70], allows for more 
confident identification of shell pigments. 
In addition to some difficulties in identifying eumlanin in previous studies [23,67,69], a surprisingly 
large number of prominently dark patterned mollusc shells have not been investigated with modern 
methods yet. In addition to investigations on melanin pigmentation in bivalves, cephalopods and 
gastropods special interest will be put on the terrestrial snail Cepaea nemoralis. This species shows 
a prominent dark brown to black banding pattern and shell background colours ranging from light 
yellow over pink and orange to dark brown. This variability in shell colour led to the assumption of 
melanin as one possible pigment class in previous studies [24,43,71], but melanins have never been 
chemically investigated in this species. 
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Figure 3. 
Different pigment molecules have been indicated to be involved in shell colouration in molluscs: 
Carotinoids (adapted from de Oliveira et al. [48]), melanins (adapted from Chapter 3) and tetrapyrrols 
(adapted from Williams et al. [27]) 
 
Patterns 
Mollusc shells not only exhibit a multitude of colours but they also show a wide range of patterns 
(Fig. 1). Many of these geometric markings on shells can be modelled computationally with near 
perfection [21,22]. For some time two major mechanisms were thought to explain these patterns 
produced by molluscs: the reaction-diffusion model [20] and the neural network model [72]. More 
recent models include more complicated feedback mechanisms allowing more sophisticated pattern 
approximations and even inference of ancestral states [73,74]. But new data from Haliotis suggests 
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that pigmentation is actually not single cell dependent but uses a secretory duct system, indicating a 
much more complex pattern control system [37]. 
Haliotis is also the only species with a known link between spatial gene expression and pigment 
pattern. In juveniles of H. asinina the gene Somesuke shows spatial expression fitting the blue and 
red pattern in its shell [2,25]. Many other species showing patterning or polymorphisms have been 
investigated by quantitative methods for differential gene expression. In some bivalves Tyrosinase 
and Tyrosinase Related Protein genes were indicated as being involved in shell and nacre 
pigmentation [19,70,75–77]. Although these are promising results on the function of eumelanin as 
pigments in molluscs, many studies couldn’t prove any spatial expression of these genes in shell 
building mantle regions. Additionally these efforts are hindered by a still incomplete understanding 
of the melanin synthesis pathway in molluscs. 
 
One of the perhaps best studied cases of polymorphisms involving mollusc shell patterns is the 
terrestrial gastropod Cepaea nemoralis [29,35,36]. Its shell background colour and different banding 
patterns have been of interest to ecologists and evolutionary biologists alike [78–80]. Although many 
lines of investigation were undertaken in the past (e.g. effects on body temperature, crypsis, predation 
pressure) no convincing explanation for this phenomenon could be found [29,31,81–84]. While we 
still don’t understand the evolutionary background of the polymorphism, this study system is a good 
starting point for investigating colourations and patterning mechanisms in mollusc shells 
[30,33,82,85–87]. Hopefully a better understanding of the genetic background will lead to revelations 
on the evolution of the Cepaea polymorphism. 
Early crossing experiments showed a near perfect mendelian inheritance pattern for many shell 
colouration traits like background colour, banding pattern and shell lip colour [30,78,82]. Based on 
these observations a tightly linked supergene arrangement of genetic loci controlling the traits was 
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assumed [33,36,87,88]. Efforts undertaken in recent years yielded a set of RAD-Seq markers flanking 
this supergene, allowing further investigations into recombination events of the relevant loci [33,35]. 
This new data set reveals that recombination events within the supergene might not be as common as 
previously assumed. Incomplete penetrance and epistasis are actually able to explain these 
phenotypes [35]. Together with new investigations on transcriptomic and proteomic data the fine 
mapping of the supergene of Cepaea nemoralis now seems to become possible. Still, data collected 
over the last years with new and advanced sequencing techniques could not reveal conclusive 
candidates for these patterning genes [32,89]. While Kerkvliet et al. [89] found metallothionein genes, 
thought to inhibit melanin synthesis, as most promising candidates, Mann and Jackson [32] could not 
detect any proteins associated directly with shell colouration. The genetic control for this complex 
polymorphism is therefore still unsolved and further investigations into differential gene expression 
in both bioinformatic and in situ experiments have to be undertaken it the future. The above 
mentioned recent gain in molecular data and methods in C. nemoralis affords the opportunity of 
combining molecular biology and shell chemistry to gain insights into the pigmentation and 
patterning mechanisms involved [32,33,89]. 
 
In the following chapters I will describe insights gained from experiments on shell pigments and 
patterning mechanisms in shell bearing molluscs, with a special focus on C. nemoralis. Chapter 2 
contains the establishment of reference genes for reverse transcription quantitative polymerase chain 
reaction in C. nemoralis. This method can be used to determine expression levels of certain genes. 
To selectively and sensitively measure oxidation products of both eumelanin and pheomelanin in 
complex biological sample matrices I developed and adapted a mass spectrometric method for use on 
a wide variety of samples (chapter 3). Both of these methods were applied in chapter 4. These 
chemical analyses were conducted on a range of mollusc species (bivalves, cephalopods and 
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gastropods) to determine the use of eumelanin and pheomelanin in mollusc shells (chapter 4). In 
chapter 5 I used both methods to test eumelanin and pheomelanin composition in different shell 
colour morphs and quantitative expression levels of known melanin pathway genes in C. nemoralis. 
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CHAPTER 2: IDENTIFICATION AND VALIDATION OF REFERENCE GENES FOR qPCR IN 
THE TERRESTRIAL GASTROPOD CEPAEA NEMORALIS. 
 
The following manuscript was published as follows 
 
Affenzeller S, Cerveau N, Jackson DJ. Identification and validation of reference genes for qPCR in 
the terrestrial gastropod Cepaea nemoralis. PloS one. 2018 Aug 29;13(8):e0201396. 
 
and is reprinted here with permission form PLoS One. 
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CHAPTER 3: QUANTITATION OF EUMELANIN AND PHEOMELANIN MARKERS IN 
DIVERSE BIOLOGICAL SAMPLES BY HPLC-UV-MS FOLLOWING SOLID-PHASE 
EXTRACTION 
 
 
The following chapter was submitted to PloS One and is currently under revision. 
 
Contributions by the doctoral candidate: Conceptualization, Formal analysis, Investigation, 
Methodology, Validation, Writing – original draft, Writing – review & editing 
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Abstract 
Eumelanin and pheomelanin are well known and common pigments found in nature. However, their 
complex polymer structure and high thermostability complicate their direct chemical identification. 
A widely used analytical method is indirect determination using HPLC with UV detection of both 
types of melanin by their most abundant oxidation products: pyrrole-2,3-dicarboxylic acid (PDCA), 
pyrrole-2,3,5-tricarboxylic acid (PTCA), thiazole-4,5-dicarboxylic acid (TDCA), and thiazole-2,4,5-
tricarboxylic acid (TTCA). An increasing interest in pigmentation in biological research led us to 
develop a highly sensitive and selective method to identify and quantify these melanin markers in 
diverse biological samples with complex matrices. By introducing solid phase extraction (SPE, 
reversed-phase) following alkaline oxidation we could significantly decrease background signals 
while maintaining recoveries greater than 70%. Our HPLC-UV-MS method allows for confident peak 
identification via exact mass information in corresponding UV signals used for quantitation. In 
addition to synthetic melanin and Sepia officinalis ink as reference compounds eumelanin markers 
were detected in brown human hair and a brown bivalve shell (Mytilus edulis). Brown feathers from 
the common chicken (Gallus g. domesticus) yielded all four eumelanin and pheomelanin markers. 
The present method can be easily adapted for a wide range of future studies on biological samples 
with unknown melanin content. 
 
Keywords: Eumelanin, Pheomelanin, Alkaline oxidation, High resolution mass spectrometry, 
Pigmentation  
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1. Introduction 
In the scientific literature the term ‘melanin’ has been used for any number of black, dark brown to 
orange and yellow pigments that are non-soluble and very thermostable 1–7. A more accurate 
definition of melanin would be that they are built through enzymatic oxidative polymerisation of 
DOPA (L-3,4-dihydroxyphenylalanine) subunits 4,8–12. The stability and sizes of the resulting 
macromolecules complicates their analysis by standard analytical methods 10,12,13. A well-established 
method in human medical studies to identify the most common melanin types (eumelanin and 
pheomelanin) uses the oxidative degradation products of melanin (Fig 1): pyrrole-2,3-dicarboxylic 
acid (PDCA), pyrrole-2,3,5-tricarboxylic acid (PTCA), thiazole-4,5-dicarboxylic acid (TDCA) and 
thiazole-2,4,5-tricarboxylic acid (TTCA) 6,14–17. 
 
 
Fig. 1 Products of eumelanin and pheomelanin generated by alkaline oxidation 
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Further experiments based on the initially established method of potassium permanganate as 
an oxidative agent 14–16 yielded an improved oxidation protocol using alkaline oxidation by hydrogen 
peroxide 6,18–20. High-performance liquid chromatography (HPLC) with UV detection and a mobile 
phase consisting of methanol–phosphate buffer (pH 2.1) has been used to separate and detect these 
specific melanin oxidation products 6,20. This method was mainly developed to analyse human 
melanin in medical applications like hair and skin samples, where the presence of melanin is 
indisputable and interest lies mainly in quantitative analysis. But in recent years biologists have been 
increasingly interested in pigments and patterns and their presence in a variety of biological settings 
21–27. For these biological samples with unknown pigment content a more specific method is needed. 
Furthermore, in biological samples like hair, feathers and shells, analyses of melanin is greatly 
hindered by the presence of complex organic matrices resulting from the oxidation of proteins and 
other compounds by H2O2 (compare chromatograms in Ito et al. 
20, Williams et al. 25). Another effect 
of these biological samples with naturally high background signals is that reliable peak identification 
can be very difficult. The introduction of a simple sample preparation step that minimizes background 
signals is therefore necessary. Yu et al. 28 used a liquid-liquid extraction method for this purpose, but 
did not systematically test the effect of this step on established melanin oxidation markers. While 
Rioux et al. 29 investigated the effects of solid phase extraction (SPE) using weak anion exchange 
columns on melanin oxidation products, but focused solely on melanoma cells as a biological sample 
and refrained from adapting the method for compatibility to mass spectrometric (MS) methods. 
In order to overcome the limitation of low selectivity afforded by UV detection, recent 
methods have replaced the phosphate buffer in the eluent with formic acid to allow MS detection. For 
time of flight (TOF) -MS detection of eumelanin pigments, preparative separation of the analytes 
prior to MS analysis was required 23, whereas more sensitive LC (liquid chromatography) MS/MS 
methods for the analysis of the eumelanin markers PDCA and PTCA in bivalve tissue 28 and for 
PTCA in hair samples 30 have been reported. However, to date, no method for the full 
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chromatographic separation and sensitive MS detection of eumelanin and pheomelanin markers has 
been reported. 
The aim of the present study is to establish a reliable analytical method for SPE sample clean-
up and subsequent detection and quantitation even of trace amounts of the eumelanin markers PTCA 
and PDCA as well as the pheomelanin markers TTCA and TDCA from diverse biological samples. 
 
2. Materials and methods 
2.1 Chemicals and reagents 
Water (HPLC gradient grade) was purchased from J.T. Baker (Deventer, The Netherlands). 
Pestinorm® Supra Trace ethyl acetate was purchased from VWR Chemicals (Leuven, Belgium). 
LiChrosolv® methanol (hypergrade for LC-MS), potassium carbonate (pro analysi grade) and 
calcium carbonate (pro analysi grade) were obtained from Merck KGaA (Darmstadt, Germany). 
Sodium sulphite (puriss p. a., ACS grade) and hydrogen peroxide solution (≥ 30%, trace analysis 
grade) were obtained from Sigma-Aldrich (St. Louis, USA). Rotipuran® formic acid (≥98%, p.a., 
ACS grade), Rotipuran® hydrochloric acid (37%, p.a., ACS, ISO grade) and Pufferan® TRIS 
hydrochloride (≥ 99%, p.a. grade) were purchased from Carl Roth GmbH + Co. KG (Karlsruhe, 
Germany). Proteinase K was purchased from Qiagen GmbH (Hilden, Germany). 
 
2.2 Standards and samples 
Standards of the melanin oxidation products PDCA, PTCA, TDCA and TTCA (prepared according 
to previously published protocols 31) were kindly provided by Prof. Shosuke Ito at stock solution 
concentrations of 100 μg/mL. Synthetic melanin (prepared by oxidation of tyrosine with hydrogen 
peroxide) and melanin from Sepia officinalis were obtained from Sigma-Aldrich (St. Louis, USA). 
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The human hair sample was donated by one of the authors (S.A.). Medium brown hair was 
cut approximately 10 cm from the scalp and then cut into 5 mm pieces. A brown chicken feather was 
obtained from a domestic chicken (Gallus gallus domesticus). Analyses were carried out on the distal 
tip of the brown feather. A shell of the bivalve Mytilus edulis was commercially obtained from a food 
market. Shell samples were taken from the distal growing edge which possessed brown longitudinal 
stripes. 
 
2.3 Sample preparation and melanin oxidation 
All biological samples were cleaned with deionized water in an ultrasonic bath for 10 min and allowed 
to dry. For synthetic melanin and Sepia ink melanin 0.2 mg, for feather and hair samples 5.5 mg and 
for shell sample 1.5 g were used, respectively. Melanin oxidation was carried out as previously 
published 20,25 with some modifications: Prepared shell pieces were dissolved in HCl (6 M, 
approximately 7 mL) and centrifuged at 13,000 rpm for 15 min. The obtained supernatant was 
discarded and the residue was washed twice with H2O. 
Biological samples (hair, feather and shell) were treated with 10 μL proteinase K (10 mg/mL) 
in 500 μL TRIS-HCl buffer (1 M, pH 8.0) for 30 min at 37 °C in a shaker. Treatment was stopped by 
the addition of 300 μL HCl (6 M). Samples were centrifuged at 13,000 rpm for 15 min, the supernatant 
discarded and the pellet was washed in water. 
All oxidation reactions (synthetic melanin, Sepia ink melanin, feather, hair and shell) were 
carried out for 20 h at 25 °C with vigorous shaking using 100 μL H2O, 375 μL K2CO3 (1 M) and 25 
μL H2O2 (30%) as reactants. After this time any remaining H2O2 was inactivated by the addition of 
50 μL Na2SO3 (10% (w/v) and 140 μL HCl (6 M). Samples were then centrifuged at 13,000 rpm for 
30 min and the supernatant was transferred into a fresh tube. As a negative control 2.0 g of calcium 
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carbonate was treated like the shell sample. For comparison, a mixture of PTCA, PDCA, TTCA and 
TDCA in H2O (2.5 μg/mL each) was run under the same conditions as the oxidised samples. 
 
2.4 Sample treatment using SPE 
Oxidised samples were treated by SPE on Strata™-X 33 μm Polymeric Reversed Phase cartridges 
200 mg/6 mL (Phenomenex, Torrance, USA) under vacuum. Cartridges were conditioned with 5 mL 
methanol followed by 5 mL H2O. Samples were loaded onto the SPE cartridges diluted in 5 ml formic 
acid (0.3% (v/v)) and washed once with 5 mL formic acid (0.3% (v/v)). The cartridges were then 
dried for 30 min and elution was carried out with 3 mL methanol followed by 3 mL ethyl acetate. 
Solvents were removed under a constant nitrogen stream at 40 °C and samples were re-dissolved in 
200 μL H2O. 
 
2.5 Chromatographic separation with UV and MS detection 
Measurements were carried out on a Thermo Fisher Scientific HPLC-MS system consisting of an 
Accela HPLC with a Finnigan Surveyor PDA Detector and coupled to an LTQ Orbitrap XL mass 
spectrometer equipped with an electrospray ionization (ESI) source. Chromatographic separation was 
carried out on a Gemini C18 column (5 μm particle size, 250 × 2 mm i.d. (Phenomenex, Torrance, 
USA)). Aliquots (10 μL) of the samples were injected into the HPLC system operating at a flow rate 
of 0.2 mL/min. The mobile phase consisted of 0.3% formic acid (eluent A) and methanol (eluent B) 
(80:20) was run at 45 °C for 20 min isocratically, followed by a wash step of A:B (5:95) for 10 min 
and an equilibration phase to reach starting conditions for 10 min. UV data were recorded between 
200 and 400 nm. Quantitation was conducted in the range of 250–290 nm. Mass spectra were acquired 
in negative ion mode. The scan window was set to m/z = 120–220. Optimized MS conditions 
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included: gas flow rate of 50 (arbitrary units), a spray voltage of 5.0 kV and a heated capillary 
temperature of 275 °C. 
 
2.6 Calibration and validation 
The linear range of the method was tested for each of the melanin oxidation products with a 9-point 
calibration curve at concentrations ranging from 0.01 to 10 μg/mL by multiple injections. Limit of 
detection (LOD) and limit of quantitation (LOQ) were determined with the signal-to-noise ratio 
method for each of the standards based on HPLC measurements with UV detection. LOD was set at 
3:1 and LOQ at 10:1 signal-to-noise respectively. 
Recoveries after sample preparation by SPE were tested with a mixture of all four melanin 
oxidation products in eluent A. Additionally, total method recovery was investigated in all three 
natural matrices (feather, hair, shell) by a 3-point standard addition (2 times, 5 times and 10 times) of 
all oxidation products. SPE recoveries without matrices were measured on an Agilent 1200 Series 
HPLC system with diode array detector using the same chromatographic conditions as described 
above. 
Additional experiments on the oxidation protocol itself verified the linearity of PDCA and 
PTCA from a synthetic eumelanin standard in the range of 0.05–0.4 mg. A test with an elongated 
oxidation time (40 h) did not result in significantly higher amounts of oxidation products and even 
yielded slightly less eumelanin markers in the case of shell samples. 
 
3. Results and discussion 
3.1 Method development 
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Our method for alkaline oxidation of melanin from a wide range of biological samples combines and 
refines a variety of previously published protocols 20,21,23,25. We demonstrate that by including a 
sample clean up step by SPE and adapting the chromatographic system to allow for dual detection 
with UV and MS, two markers each for eumelanin (PDCA and PTCA) and pheomelanin (TDCA and 
TTCA) can be analysed within one HPLC run. We could achieve baseline separation of all four 
melanin oxidation markers for chromatographic conditions compatible with mass spectrometry. By 
desalting and purifying samples via SPE we could significantly reduce the background of the diverse 
samples we investigated. In addition, the evaporation step brings the advantage of concentrating the 
analytes. A surprising observation during reversed-phase HPLC optimization was that the retention 
time of the analytes was almost unaffected by the concentration of organic solvent. Instead, retention 
times were strongly affected by the pH value of the eluent, an effect also observed in a recent study 
29. 
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Fig. 2 Characterization of the melanin oxidation products PDCA, TDCA, PTCA and TTCA from 
brown chicken feather by mass spectra (negative ion mode) and UV spectra 
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The high-resolution ESI mass spectra of PDCA, TDCA and PTCA show ion signals for the 
deprotonated molecules [M–H]–. TDCA and PTCA show additional ions resulting from 
fragmentation of CO2 from one of the carboxyl groups. In contrast, for TTCA only fragment ions 
resulting from the loss of one and two carboxyl groups can be observed, yielding virtually the same 
mass spectrum as TDCA (see Table 1 and Fig. 2). Therefore the identification and quantitation of 
both TDCA and TTCA is only possible by the inclusion of a chromatographic separation. All four 
melanin oxidation products can be characterized by their specific UV absorption spectra (Fig. 2), 
when there are no interfering background peaks. Quantitation in MS requires appropriate internal 
standards which are not commercially available for the analysed melanin markers. In contrast, 
quantitation with UV detection can be done with melanin oxidation product standards via external 
calibration or standard addition. However peak identification must be carried out very carefully due 
to the naturally high backgrounds present in biological samples even after clean-up by SPE (compare 
Fig. 3). By coupling UV with high-resolution MS detection, straight-forward quantitation based on 
UV signals can be combined with reliable compound identification in complex biological samples. 
In addition, mass spectrometric measurements yield an approximately 1.5 times higher sensitivity 
than UV detection, an important factor when analysing biological samples with unknown melanin 
content. 
Previous method validations for the analyses of melanin oxidation products have not been 
thoroughly performed 6,17,20,32. We present here calibration and validation data for the quantitation of 
all four melanin oxidation product standards via UV detection (Table 2) following SPE. Linearity 
could be shown for both eumelanin oxidation markers (PDCA and PTCA) in the range from 0.05–10 
μg/mL. For pheomelanin oxidation markers (TDCA and TTCA) linearity ranged from 0.1–10 μg/mL. 
Table 1 Accurate mass data of melanin oxidation products 
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Compound Molecular 
formula 
Calculated [M–H]– 
m/z 
Observed [M–H]– 
m/z 
Observed fragment 
ions m/z 
PDCA C6H5NO4 154.0140 154.0143 – 
PTCA C7H5NO6 198.0039 198.0040,  154.0143 
TDCA C5H3NO4S 171.9705 171.9706,  127.9810 
TTCA C6H3NO6S 215.9603 – 171.9706, 127.9810 
 
 
 
 
 
 
 
 
Fig. 3 Comparison of extracted ion 
chromatograms (a) and corresponding UV 
chromatogram (b) of oxidation products from a 
brown chicken feather following SPE, 
highlighting the need for peak confirmation in 
biological samples 
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A recently published LC-MS/MS study on human hair determined LOD and LOQ for one of 
the four standard melanin oxidation markers (PTCA) 30. Our method allows all four oxidation 
products to be detected in very small amounts, for PTCA below or at a comparable level to LODs 
previously published 21,29,30. Both eumelanin markers can be quantified at concentrations as low as 
0.1 μg/mL. For pheomelanin markers the lowest quantifiable concentrations were 0.25 μg/mL for 
TDCA and 0.33 μg/mL for TTCA. 
 
 
 
 
 
 
 
Fig. 4 Extracted ion chromatograms of melanin oxidation 
product standards and melanin reference compounds 
(standard mixture of oxidation products, synthetic eumelanin, 
Sepia ink melanin) as well as biological samples (human hair, 
chicken feather, bivalve shell) following alkaline oxidation 
 
Table 2 Limit of detection (LOD), limit of quantitation (LOQ) and linearity (R²) for HPLC with UV 
detection 
Pigments, Colours and Patterns     Dissertation Susanne Affenzeller 2019 
 
 
 
53 
 
Compoun
d 
LOD 
(μg/mL) 
LOQ 
(μg/mL) Linearity (R²) 
Range of Linearity 
(μg/mL) 
PDCA 0.03 0.08 0.995 0.05–10 
PTCA 0.04 0.10 0.994 0.05–10 
TDCA 0.08 0.25 0.994 0.1–10 
TTCA 0.10 0.33 0.990 0.1–10 
 
Recovery of melanin oxidation products in eluent A after SPE ranged from 67 % for TTCA 
to 95% for TDCA. A comparison of quantitation by external calibration and standard addition in all 
three tested biological matrices yielded good results with more than 70% for the eumelanin markers 
PDCA and PTCA. The pheomelanin markers TDCA and TTCA display a wide range of recoveries 
from different matrices. This might be explained by the interactions of different matrices on the SPE 
conditions as well as the purity of the peaks. These observations led us to conclude that accurate and 
precise quantitation of pheomelanin markers in biological matrices must be done very carefully with 
the appropriate controls and replicates, and any results interpreted critically. 
 
 
 
 
Table 3 Effect of biological matrices on the recovery of melanin oxidation products following SPE 
Compound Recovery 
 
No matrixa Featherb Hairb Shellb 
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PDCA 82% 93% 71% 81% 
PTCA 76% 87% 89% 81% 
TDCA 95% 179% 64% 194% 
TTCA 67% 52% 114% 69% 
a Values determined on an Agilent 1200 Series HPLC system 
b Three level standard additions following oxidation and prior to SPE 
 
3.2 Application of method to complex biological samples 
Both eumelanin markers PDCA and PTCA were found in synthetic melanin and Sepia officinalis ink 
melanin (Fig. 4). In synthetic melanin both eumelanin oxidation products can be found in near equal 
amounts, whereas in S. officinalis ink PTCA is the predominant marker, with only small amounts of 
PDCA (Table 4). This effect of differing ratios of oxidation product yields leads to the assumption of 
different compositions of the parent macromolecules 14,20,31. Each biological sample investigated in 
this study produced a different PTCA/PDCA ratio (Table 4). Further research on the polymerisation 
process of natural melanins and investigations on their chemical structure would be needed to 
understand these differences and their effects on colour and functionality. As expected, pheomelanin 
oxidation products TDCA and TTCA could not be detected in either of the melanin reference 
compounds measured here. 
 
Table 4 Amounts of melanin oxidation products in melanin standards and biological samples per g 
of oxidised starting material as quantified by HPLC with UV detection 
Sample Eumelanin markers 
 
Pheomelanin markers 
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 PDCA 
(μg/g sample) 
PTCA 
(μg/g 
sample) 
 
TDCA 
(μg/g sample) 
TTCA 
(μg/g sample) 
Synthetic melanin 1206.23 963.80 
 
< LOD < LOD 
S. officinalis ink melanin 99.40 1808.25 
 
< LOD < LOD 
H. sapiens brown hair 3.75 60.60 
 
< LOQ < LOD 
G. g. domesticus brown feather 43.25 119.92 
 
108.99 403.73 
M. edulis brown shell 0.03 0.11 
 
< LOD < LOD 
 
In all three of the investigated biological matrices (feather, hair, shell) we were able to detect 
eumelanin (Fig. 4 and Table 4). In the feather and hair samples we could also detect pheomelanin. It 
has been shown already that feathers of North American barn swallows (Hirundo rustica 
erythrogaster) contain both eumelanins and pheomelanins 21. The same study investigated yellow 
chicken plumage from nestlings and found trace amounts of eumelanin. In applying our method to 
adult brown chicken feathers we detected an abundance of all four oxidation products, confirming 
the results of previous electron spin resonance investigations 33. 
A difficult biological matrix from which to extract organic macromolecules from are the 
calcified shells of molluscs. The pigment bearing layer of Mytilus edulis is very thin, providing only 
small amounts of pigment from relatively large amounts of shell material. Nonetheless, we were able 
to detect eumelanin in this bivalve, providing further evidence that our method is sensitive enough to 
detect these pigments in a range of biological matrices. Pigmentation and the use of melanin to pattern 
shells and nacreous materials by a variety of molluscs has seen an increase in research in recent years 
28,34,35. Our method facilitates working with these complex samples and will hopefully lead to further 
investigations in melanic mollusc shell pigmentation. 
An especially challenging sample type are fossilized tissues and matrices containing melanin. 
Although melanin seems to fossilize very well 23,36,37 only few researchers have access to enough 
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material to analyse these samples with chromatographic methods with UV detection. Mass 
spectrometric measurements were previously performed for fossilized Sepia ink 23 which found 
evidence for eumelanin. The protocols presented here are a good starting point for further adjustments 
of sample preparation with SPE, and the development of even more sensitive MS methods for fossil 
samples suspected to contain melanin. Preliminary measurements using MS/MS detection have 
shown that the sensitivity of our method can be further improved by several orders of magnitude. 
 
4. Conclusion 
The method we present here allows researchers to detect eumelanin and pheomelanin in a variety of 
complex biological samples. The cleaning and concentrating effect afforded by SPE and the addition 
of mass spectrometry allows for the selective identification of even small amounts of known melanin 
oxidation products. High resolution mass spectrometry allows confident peak identification even in 
complex biological samples with interfering background and overlapping peaks in chromatograms 
provided by UV detection. 
In contrast to the difficult analysis of their parent macromolecules, oxidation products for 
eumelanin and pheomelanin can be quantitated with the present method. However, due to the different 
compositions of natural melanins (e.g. PDCA/PTCA ratio differences in reference compounds and 
biological samples) and matrix effects of biological samples on SPE (see Table 3), we recommend 
the use of both oxidation markers for each type of melanin as indicators for the abundance of 
eumelanin and pheomelanin pigments in the original sample. 
The highly sensitive method that we report here improves our ability to simultaneously detect 
eumelanin and pheomelanin in a variety of complex biological samples. 
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CHAPTER 4: EUMELANIN AND PHEOMELANIN PIGMENTATION IN MOLLUSC SHELLS 
MAY BE LESS COMMON THAN EXPECTED: INSIGHTS FROM MASS SPECTROMETRY 
 
 
The following chapter is prepared for publication in Proceedings of the Royal Society B and is 
currently being revised by my co-authors. 
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Abstract 
Both simple and complex geometric patterns adorn the shells of many disparate molluscan species, 
and are expressed in many colours from the visible spectrum. Although early chemical studies 
implicated melanin as a commonly employed pigment, surprisingly little evidence generated with 
more recent and sensitive techniques exists to support these observations. Here we present the first 
mass spectrometric investigations for the presence of eumelanin and pheomelanin in 13 different 
species from three conchiferan classes: Bivalvia, Cephalopoda and Gastropoda. In the bivalve Mytilus 
edulis we demonstrate that eumelanin mainly occurs in the outermost and highly pigmented layer of 
the shell, the periostractum. Eumelanin was also identified in the shells of the cephalopod Nautilus 
pompilius and the marine gastropods Clanculus pharaonius and Steromphala adriatica. In the 
terrestrial gastropod Cepaea nemoralis the presence of pheomelanin in a mollusc shell is verified 
using mass spectrometry for the first time. Surprisingly, in a large number of brown/black coloured 
shells we did not find any evidence for either type of melanin, suggesting that these species employ 
as yet unidentified pigments to pattern their shells. 
 
Keywords: Eumelanin, Pheomelanin, molluscs, shell pigmentation, liquid chromatography mass 
spectroscopy 
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1. Introduction 
Shell bearing molluscs (Conchifera Gegenbauer, 1878) constitute one of the most abundant and 
diverse groups of extant and extinct life [1–4]. The colouration and patterning of the molluscan shell 
and associated biominerals (i.e. pearls) have fascinated human cultures since prehistoric times [5–
10]. The pigmentation of these structures hold not only aesthetic beauty, but can also dictate their 
commercial value [11–13]. It is therefore surprising that these pigments (which range from blue, red 
and yellow to monochromatic brown/black and white) are not well characterised [14]. Early chemical 
studies based on chromatographic properties and UV–visible spectra of pigments carried out by 
Comfort [7,15–19] identified the presence of different classes of organic pigments, including 
tetrapyrroles and melanins. More recent studies have shown that tetrapyrroles (porphyrins and 
biliverdins) and carotenoids are present in colourful mollusc shells [14,20–25]), with melanins being 
associated with dark purple, brown and black shell patterns most often [7,19,20,20,26,27]. For 
example black–brown eumelanin has been linked to the dark colouration of pearls [11,28–31]. 
Despite the common association of melanin with dark colours in mollusc shells, very few studies 
have used extensive analytical methods to support its presence. Evidence of eumelanin was reported 
recently in the shells of Clanculus (Gastropoda) which bear black dots (via high performance liquid 
chromatography with UV detection (HPLC-UV)), and in the bivalves Mizuhopecten yessoensis 
(HPLC-–UV), Pteria penguin (HPLC with mass spectrometric detection (HPLC–MS) and 
Crassostrea gigas (infrared absorbtion spectra)[20,29,30,32]. However, analysing mollusc shells for 
melanins is challenging due to the presence of complex organic matrices, leading to a high 
background of signals (see chromatograms in the above publications). Moreover, melanins are 
complex macromolecules that are generally very difficult to analyse [33,34]. Finally, to complicate 
matters further, the term ‘melanin’ has been used in the literature as an umbrella term in reference to 
black/brown and reddish to yellow pigments that are non–soluble and very stable. Here we define 
melanin as the product of enzymatic oxidative polymerisation of DOPA (L-3,4-
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dihydroxyphenylalanine) subunits. While different methods to characterize melanins in biological 
samples have been reported, for example Raman spectroscopy [22,28,35], electron resonance 
spectroscopy [36,37] and pyrolysis–gas chromatography–mass spectroscopy [37,38], these all have 
their short–comings. Currently, only one identification method is well established and accepted in 
melanin research [39,40], namely analysis of characteristic oxidation products following alkaline 
oxidation of the melanin polymers [40,41]. After alkaline oxidation the products PDCA (pyrrole-2,3-
dicarboxylic acid) and PTCA (pyrrole-2,3,5-tricarboxylic acid) for eumelanin and TDCA (thiazole-
4,5-dicarboxylic acid) and TTCA (thiazole-2,4,5-tricarboxylic acid) for pheomelanin can be analysed 
with HPLC–UV [37,40,42]. However, distinguishing these specific melanin markers from 
background signals resulting from the oxidation of proteins and other compounds without mass 
information is challenging. We have recently demonstrated that a sample preparation and clean–up 
step after alkaline oxidation, followed by HPLC–MS permits the unequivocal detection of even trace 
amount of melanins in mollusc shells (Affenzeller et al. in revision). 
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Figure 1. 
Pigmented shell samples investigated for eumelanin and pheomelanin colouration: (a) Crassostrea gigas (b) Lioconcha 
ornata (c) Lioconcha tigrina (d) Mizohupecten yessoensis (e) Mytilus edulis (f) Pecten maximus (g) Nautilus pompilius 
(h) Cepaea nemoralis (i) Clanculus pharaonius (j) Conus marmoreus (k) Cypraea tigrine (l) Haliotis asinina (m) 
Steromphala adriatica (Scale bars are 1 cm) 
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Here we look for the presence of eumelanin and pheomelanin pigmentation in 13 different species of 
shell bearing molluscs (Table 1) using alkaline oxidation followed by HPLC–MS. All of these species 
display prominent patterns on their shells with colours ranging from yellow, light brown, orange and 
red to dark brown and black (Fig. 1). A number of these species are of significant commercial or 
cultural value (Mytilus edulis, Pecten maximus, Cypraea tigrina, Haliotis asinina), while others 
(Crassostrea gigas, Mizohupecten yessoensis, Cepaea nemoralis, Clanculus pharaonius, were 
chosen due to previous reports of melanic pigmentation [7,20,27,29,32]. 
 
2. Material and methods 
 
(a) Samples and standards 
Shells from 13 different mollusc species were obtained either commercially or by donation from the 
Natural History Museum Vienna or private collectors for analysis (Figure 1 for images of used 
samples and Table 1 for previous literature and sample sources). For species previously reported to 
contain eumelanin in their shells (C. gigas, M, yessoensis, C. pharaonius (19,27,30)) three replicates 
were analysed. For C. nemoralis a morph with yellow background and multiple brown bands was 
analysed. For M. edulis the periostracum was removed by scrubbing the shell with sand for one shell 
valve, while the other valve remained intact. As S. adriatica are very small seven shells were 
combined into one sample. Samples contained approximately 1.5 g of shell material each. For L. 
ornata 0.6 g and for C. pharaonius approximatly 1 g of shell material per sample was available due 
to shell sizes. 
For comparison, standards of the melanin oxidation products PDCA, PTCA, TDCA and TTCA kindly 
provided by Prof. Ito were used. 
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(b) Sample preparation, melanin oxidation and HPLC–MS analysis 
Samples were processed as previously described (Affenzeller et al. in revision). In brief, shells were 
cleaned in deionized water, dried and weighed, and then dissolved in 6 M HCl. Residues were washed 
with water and were treated with proteinase K in 1 M Tris-HCl buffer at 37 °C for 2 h. Pigmented 
residues were treated with alkaline oxidation via H2O2 [40]: Oxidation reactions for each sample were 
carried out for 20 h at 25 °C under vigorous shaking using 100 μL H2O, 375 μL 1 M K2CO3 and 25 
μL 30% H2O2 as reactants. Remaining H2O2 was decomposed by the addition of 50 μL 10% Na2SO3 
and the mixture was acidified with 140 μL 6 M HCl. The solutions were centrifuged and supernatants 
were transferred to fresh tubes. 
Samples were treated by solid-phase extraction (Phenomenex Strata-X Polymeric Reversed Phase 
columns, 33 μm). Columns were conditioned with methanol (MeOH) followed by H2O. Shell extracts 
were loaded onto the columns and washed with 0.3% formic acid. Columns were dried and elution 
was carried out with MeOH followed ethyl acetate. Solvents were removed under constant nitrogen 
stream at 40 °C and samples were dissolved in 200 μL H2O. 
Measurements were carried out on a Thermo Fisher Scientific HPLC–MS system consisting of an 
Accela HPLC with a Finnigan Surveyor PDA Detector coupled to an LTQ Orbitrap XL mass 
spectrometer equipped with an electrospray ionisation (ESI) source. Separation was performed on a 
Phenomenex Gemini C18 column (250 × 2 mm, 5 μm). The mobile phase was 0.3% formic acid in 
H2O:MeOH (80:20). Analyses were performed at 45 °C at a flow rate of 0.2 ml/min. Mass spectra 
were acquired in negative ion mode over an m/z range of 120–220. 
Identification of melanin oxidation products were based on exact mass data. Quantitation was carried 
out by HPLC–UV using external calibration with melanin oxidation product standards. 
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3. Results and discussion 
 
(a) Evidence of melanins in mollusc shells 
This study currently represents the largest screen for melanins in molluscan shells using mass 
spectrometry. Using our newly developed method (Affenzeller et al. in revision) we unequivocally 
demonstrate the presence of eumelanin in five mollusc species belonging to three major clades of 
Conchifera. In addition, we found the first conclusive evidence of pheomelanin in a terrestrial 
gastropod known for its colour and banding polymorphism (C. nemoralis). However we also 
demonstrate that previous reports of eumelanin in two species (C. gigas and M. yessoensis) were 
possibly technical artefacts (see below), and that for a total of eight of the 13 species we investigated, 
which have brown/black pigmented patterns on their shells, we could find no evidence of melanin in 
their shells. 
In the oxidised sample of M. edulis we detected the characteristic eumelanin oxidation products 
PDCA and PTCA as revealed by ion chromatograms of their deprotonated and decarboxylated 
molecules (PDCA: m/z 154.01 [M–H]–, PTCA: m/z 198.00 [M–H]– and m/z 154.01 [M–COOH]–) 
(Figure 2). M. edulis is a commercially relevant food source and is readily available, however 
surprisingly little literature is available on its pigmentation. The measurements we present here and 
in Affenzeller et al. (in revision) corroborate the findings of Waite and Andersen [43] who found that 
DOPA decreases along the shell growth axis, which is likely due to DOPA being polymerized to 
eumelanin [43,44]. To further investigate Waite and Andersens’ [43] observations on the colour 
differences between the outermost brown periostracal layer and the underlying blue or purple banded 
calcified shell, we removed the periostracum from one shell valve and compared the amounts of 
eumelanin markers to the matched intact valve. This analysis provides the first evidence of the 
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periostracum being the main source of eumelanic pigmentation in M. edulis with the intact valve 
yielding approximately four times more PTCA than the valve without periostracum (Figure 3 and 
Table S1). 
 
 
 
Figure 2. 
Extracted ion chromatograms (negative–ion mode) for 
eumelanin (black) and pheomelanin (red) specific oxidation 
products. Evidence for melanin in shell pigmentation was 
found in one bivalve (M. edulis), one cephalopod (N. 
pompilius) and three gastropods (C. nemoralis, C. 
pharaonius, S. adriatica). All other species investigated 
showed no detectable signal for melanin oxidation products 
(chromatograms not pictured here). 
 
The eumelanin markers PDCA and PTCA were also detected in oxidised N. pompilius shell fragments 
with brown flame colouration (Figure 1g, figure 2 and Table S1). It is well–known that cephalopods 
use eumelanin in their ink [37,42]. We can show here that the ability to produce melanin is not only 
used as a defensive mechanism, but also contributes to external shell colouration in N. pompilius. 
This finding might be of interest to palaeontologists working on shell bearing Cephalopoda, as colour 
patterns can be observed in fossilized specimens [45]. Our method might allow for the chemical 
analyses of melanin in these fossilized shells. 
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Figure 3. 
To test the predominance of eumelanin in different shell layers of M. edulis the outermost brown periostracum was 
removed from one shell valve while the other valve was measured with intact periostracum. Eumelanin oxidation products 
PDCA and PTCA were quantitated by HPLC with UV detection with external calibration and measurements were 
normalized to initial sample weight. 
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Within the gastropods we found melanin markers in the oxidised samples of three species: C. 
nemoralis, C. pharaonius and S. adriatica (table 1, Table S1). For the terrestrial gastropod C. 
nemoralis we found mass spectrometric evidence for all four melanin oxidation products (Figure 2 
and Table S1), the characteristic pheomelanin markers TDCA and TTCA revealed by the ion 
chromatograms of the deprotonated molecule and ions resulting from the loss of one and two carboxyl 
groups (TDCA: m/z 171.97 [M–H]– and m/z 127.98 [M–COOH]–, TTCA: m/z 171.97 [M–COOH]– 
and m/z 127.98 [M–C2HO4]
–). This is the first mass spectrometric evidence of simultaneous 
eumelanin and pheomelanin use in a molluscan shell. Further investigation on the spatial distribution 
of these melanic pigments within the shell are needed to clarify their contribution to band and 
background colouration. 
 
We could identify both eumelanin markers in one out of three replicates of the colourful marine 
gastropod C. pharaonius (strawberry topshell) (Figure 1i and Figure 2). Using HPLC with UV 
detection but without additional mass information, the eumelanin marker PTCA was recently 
identified in another study of C. pharaonius [20]. In our study of this species we detected a peak with 
nearly the same retention time as PTCA. The use of exact mass data allowed us to verify that for two 
shells this is in fact not the eumelanin marker, but another substance with a very similar 
chromatographic behaviour. This sporadic finding of eumelanin with no obvious linkage to the shell 
phenotype (see Figure S1) complicates the interpretation of this data. 
 
In the marine gastropod S. adriatica (Figure 1m) we found an abundance of eumelanin markers 
(Figure 2 and Table S1). This species is known to live in shallow waters in the Mediterranean sea 
grazing on microfilm algae [46]. Melanin incorporation into the shell might therefore play a role in 
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sun protection or habitat blending, but further research is needed functionally characterise this 
melanic pigment in S. adriatica. 
 
(b) The surprising absence of melanins in diverse pigmented mollusc shells 
Surprisingly, no traces of melanin oxidation products were detected for many prominently patterned 
and brown coloured mollusc shells (Figure 1, Table 1). This is especially surprising as brown and 
black colour patterns on bivalve and gastropod shells have generally been believed to be of melanic 
origin since the early studies of Comfort [7,14,16,18]. Moreover, for some of the species the absence 
of melanins is in contrast to previous studies. In a recent study, analysis of melanin oxidation products 
by HPLC with UV detection suggested that the brown valve of the bicoloured bivalve M. yessoensis  
contain eumelanin and pheomelanin (as Patinopecten yessoensis in Sun et al. [32]). However in that 
study peak identification relied solely on retention times and no identification with mass data was 
used to verify those results. This practice can easily lead to the misidentification of melanin oxidation 
products (see Affenzeller et. al. in review). Pigmentation present in the dark adductor scar of C. gigas 
was assumed to be (eu)melanin. However, this result is based solely on measurements obtained by 
UV spectrophotometry and IR spectrometry [29]. During sample preparation we observed acid 
solubility and fluorescence of pigments from the shell of C. gigas, possibly indicating porphyrin–like 
pigments known to be produced by the bivalves Pinctada spp. and Pteria penguin [47,48]. 
 
The method we have used to detect melanin oxidation products was developed and adapted for 
challenging biological sample matrices such as molluscan shells and is highly sensitive (limit of 
detection ranging from 0.03 μg/mL to 0.10 μg/mL). Further efforts to detect melanins in the intensely 
brown coloured Conus shell (grinding of shell before dissolution, longer oxidation time among 
others) were unsuccessful. We are therefore confident that in the indicated specimens melanin is 
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genuinely absent (or exists in trace amounts inadequate to appreciably pigment the shell). This leads 
us to question what the prominent brown to black pigments are in shells where no melanin is detected. 
For some cases (e.g. L. tigrina) we observed the pigmented pattern on the shell preserves its geometric 
configuration even after the calcium carbonate is dissolved in high molarity acid. This suggests a 
complex and very stable pigment, possibly a macromolecule tightly bound to shell proteins. 
Unfortunately we were not able to identify other oxidation products in our samples that would 
indicate the chemical composition of this pigment. Further investigations are necessary to unravel its 
nature. 
 
4. Conclusions 
We have found mass spectrometric evidence for melanins in three conchiferan classes: Cephalopoda, 
Gastropoda and Bivalvia. This is the first time melanin has been detected in cephalopod shells (N. 
pompilius). In the marine bivalve M. edulis eumelanin is predominantly located in the periostracum 
layer relative to the calcified shell. For the first time both eumelanin and pheomelanin were detected 
in a mollusc shell (the terrestrial gastropod C. nemoralis), however further study is needed to spatially 
localise the distribution of these pigments in this shell. Eumelanin markers could only be detected in 
one out of three marine C. pharaonius individuals. In another marine gastropod (S. adriatica) 
eumelanin was abundant. We could not detect melanin in a surprisingly large number of prominently 
patterned gastropod and bivalve shells. Further investigations are needed to identify the underlying 
pigmentation mechanism responsible for these complex geometric colourations. 
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CHAPTER 5: EUMELANIN IS NOT THE BANDED PIGMENT IN CEPAEA NEMORALIS 
 
The following chapter is prepared for publication as Correspondence in Current Biology and is 
currently being revised by my co-authors. 
 
Contributions by the doctoral candidate: Conceptualization, Formal analysis, Investigation, 
Methodology, Validation, Writing – review & editing 
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Main text 
With highly variable and colourful patterns of shell pigmentation (Fig. 1A) the terrestrial snail 
Cepaea nemoralis has long been a textbook example of phenotypic variability and a model system 
for evolution, ecology and population genetics (Cain and Sheppard, 1954). Early studies established 
that the shell background colour, the number of dark pigmented bands on the shell and several other 
shell-pigment characteristics are inherited in a Mendelian fashion (Cain et al., 1960). It has also been 
long assumed that melanin (specifically eumelanin) is the pigment that underlies the dark pigmented 
bands (Comfort, 1951; Helmcke, 1935). We tested this assumption using a combination of sensitive 
chemical and molecular techniques and find no evidence that eumelanin is differentially distributed 
within the shells of C. nemoralis. This implies that an unknown pigment adorns the shells of C. 
nemoralis, and has implications for the continuing search for the supergene that generates the various 
pigmentation morphotypes. 
Recently we developed a highly sensitive LC-MS based method for the detection of eu- and 
pheomelanin from a variety of biological matrices including molluscan shells (Affenzeller et al., in 
revision). Our initial experiments on whole shells of the common yellow banded morph of C. 
nemoralis detected all four common melanin oxidation products: PDCA (pyrrole-2,3-dicarboxylic 
acid) and PTCA (pyrrole-2,3,5-tricarboxylic acid) for eumelanin, and TDCA (thiazole-4,5-
dicarboxylic acid) and TTCA (thiazole-2,4,5-tricarboxylic acid) for pheomelanin, albeit for 
eumelanin at levels significantly lower than the darkly pigmented shells of Mytillus edulis 
(Affenzeller et al., in prep). To further investigate the spatial distribution of eu- and pheomelanin in 
C. nemoralis shells we have conducted quantitative measurements of colour-sorted shell fragments 
(pink banded, pink background, yellow banded and yellow background; Figure 1A). All four shell 
colour fractions contained the markers PDCA and PTCA, indicating a broad distribution of 
eumelanin, however we could not detect significant differences in the amounts of these eumelanin 
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markers between banded and background shell fragments for either yellow or pink shells (Figure 1B). 
We also detected the pheomelanin markers TDCA and TTCA in both yellow banded and yellow 
background shell fragments in high abundance, but with no significant difference between the two 
(Figure 1B). In pink morphs we detected far less TDCA in both fractions while TTCA was below the 
limit of quantitation but could still be detected (Supplementary Table 1). 
To further investigate the role of melanin in the banding pattern of C. nemoralis shells we studied the 
expression of four known melanin synthesis pathway genes using recently established RT-qPCR 
reference genes (Affenzeller et al., 2018). We selected the genes Yellow, Tyrosinase Related Protein, 
Tyrosinase and Laccase, all of which are known to be involved in melanin synthesis in a variety of 
species including molluscs. Tyrosinases and Tyrosinase Related Proteins have been the focus of 
recent research due to their proposed involvement in nacre colour formation in bivalves, thus 
influencing the value of pearls. Despite considerable variation Yellow was significantly differentially 
expressed in pigmented vs. non-pigmented regions of the mantle (p<0.05 but not <0.01; Fig. 1C). 
However Yellow was significantly more abundant (approximately three fold) in foot tissue relative to 
mantle tissue overall, suggesting that this gene either has pleiotropic roles in these tissues or is not 
involved in melanogenesis in C. nemoralis. Supporting this latter scenario the Yellow homolog we 
identified here has relatively low sequence similarity (35% identity) with insect isoforms known to 
be involved in pigmentation. Tyrosinase Related Protein was significantly upregulated in mantle vs. 
foot tissues suggesting it plays either a role in biomineralization as is known for molluscs, or 
pigmentation. However comparisons between pigmented and non-pigmented mantle tissue revealed 
no significant differences in Tyrosinase Related Protein expression (Fig. 1C). Finally Tyrosinase and 
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Laccase 2 were equally expressed between foot and mantle tissues and also between pigmented and 
non-pigmented mantle tissue (Figure 1C). 
 
 
 
Figure 1. Eumelanin and pheomelanin are not differentially 
localised in the shells of C. nemoralis. A Pink banded and 
Yellow banded morphs of C. nemoralis and shell fragments 
used for LC-MS analysis sorted by colour. B Eumelanin and 
pheomelanin oxidation products were quantitated in UV 
chromatograms with external calibration. Eumelanin (PDCA 
and PTCA) and pheomelanin (TDCA and TTCA) oxidation 
markers were quantified for each shell colour fraction and 
normalised to initial sample weight. n = 3 for each shell 
colour fraction. C  Normalized relative expression values 
(ddCt) of four melanin pathway genes from yellow 
background pigmented vs. non-pigmented mantle tissue (first 
panel) and whole mantle vs. foot tissue (n = 6 for each 
sample, * p ≤ 0.05 ** p ≤ 0.01 for Mann-Whitney). 
 
The independent LC-MS and RT-qPCR data we 
present here demonstrates that eumelanin is not the 
banding pigment used by C. nemoralis. As far as 
we can tell the defining work that biochemically suggests melanin to be the responsible pigment in 
C. nemoralis was published more than 80 years ago (Helmcke, 1935). Interestingly Comfort later 
states in regard to the banded pigment in C. nemoralis that “Attempts to attack the chemistry of the 
pigments with melanin inhibitors such as phenyl thiourea have not so far succeeded….” and that 
“Very little can be said of these colour patterns in terms of chemistry. The black pigment 
Pigments, Colours and Patterns     Dissertation Susanne Affenzeller 2019 
 
 
 
86 
 
(‘melanocochlin’) is alkali-soluble (Helmcke, 1935).” (Comfort, 1951). Nonetheless subsequent 
works refer to pigmented cells in the mantle as melanocytes (Emberton, 1963) and have worked from 
the assumption that melanin is the banded pigment (Vicario et al., 1989). We previously demonstrated 
that the banded pigment is apparently not covalently linked to a protein (Mann and Jackson, 2014), 
however the banded and background pigments are yet to be identified. Taken together, our results 
indicate that a novel molecular mechanism which deposits a dark brown pigment in a banded fashion 
is operating in the mantle tissue of C. nemoralis. A knowledge of what this dark pigment is (together 
with the background pigments and their respective synthesis pathways) would likely assist efforts to 
identify the supergene that is thought to regulate the famous Cepaea colour polymorphism. Such a 
complete understanding of this process at the genetic and chemical scales would in turn provide deep 
insight into the long studied population genetics and evolutionary biology of this system. 
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CHAPTER 6: GENERAL DISCUSSION 
 
Mollusc shell pigmentation and the underlying genetic mechanisms responsible for these patterns are 
a fascinating topic. But for many investigations basic protocols for dealing with molluscs are missing. 
One very useful tool to quantitatively measure gene expression levels is reverse transcription 
quantitative polymerase chain reaction (qPCR). To be able to accurately use this technique I tested 
potential reference genes for a terrestrial gastropod Cepaea nemoralis (chapter 2, [1]). In addition to 
finding suitable reference genes, this study highlighted how difficult and complicated gene expression 
studies can be. I found that expression levels of so-called housekeeping genes vary greatly, not only 
depending on tissue, but also on season. As even constantly used genes in the organism show such 
high variability, one has to be very careful with interpreting any results gained from qPCR on 
seasonally employed genes. Especially genes involved in shell building and pigmentation in a 
temperate climate snail like C. nemoralis will very likely undergo seasonal fluctuations, as shell 
material and the pigments responsible for the well known C. nemoralis polymorphism are mainly 
laid down in spring and summer[2–4]. 
Eumelanin has long since been thought to be the banding pigment in C. nemoralis [5–9]. I aimed to 
test this assumption. To this end a specialized protocol to sensitively detect melanin oxidation 
markers in complex biological samples was developed (chapter 3). Mollusc shell samples have to be 
prepared carefully for any chemical analyses on high performance liquid chromatography (HPLC) to 
guarantee quality and reproducibility of these experiments. One way to obtain desalted and cleaned 
mollusc shell samples suitable for HPLC is solid phase extraction. Additionally this method allowed 
me to concentrate the samples through evaporation, an important advantage for species with small 
shells or little pigmentation. By adjusting existing protocols [10,11] to allow for mass spectrometric 
(MS) measurements, identification of trace amounts of melanin oxidation products via exact masses 
became possible. This was necessary as on top of small pigment amounts in some shells, even cleaned 
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mollusc samples still contain a complex matrix. With these adaptations the presented method allows 
for confident identification and quantitation of eumelanin and pheomelanin oxidation products in 
diverse biological samples including feathers, hair and mollusc shells. 
The new chemical method was applied to 13 different mollusc species with prominent shell 
pigmentation (chapter 4). Some of them have been previously indicated as containing eumelanin 
[10,12–14], while others were chosen due to their brown or black colouration. In C. nemoralis I was 
able to detect the first mass spectrometric evidence od pheomelanin use in mollusc shell 
pigmentation. We found evidence for eumelanin in three prominent mollusc classes (Mytilus edulis, 
Bivalvia; Nautilus pompilius, Cephalopoda; Cepaea nemoralis, Clanculus pharaonius, Steromphala 
adriatica, all Gastropoda). Still, a surprisingly large number of species showed no trace of eumelanin 
in their dark patterned shells. This contradicts some of the previous findings for Mizuhopecten 
yessoensis and Crassostrea gigas, [12,13]. In C. pharaonius the data is inconclusive as eumelanin 
could only be detected in one out of three shells. 
To further investigate the use of eumelanin and pheomelanin in C. nemoralis I used a combination of 
the developed methods to gain more insight (chapter 5). I analysed colour sorted shell fragments for 
yellow and pink background coloured snails and their corresponding bands to test the contribution of 
pheomelanin and eumelanin to background and band pigmentation. Although both pigments are 
present in C. nemoralis shells, I wasn’t able to find any conclusive evidence for eumelanin as the 
banding pigment. Pheomelanin might contribute to the background colour, but comparisons of yellow 
and pink background indicate that this pigment is not solely responsible for these colours. I further 
tested expression levels of known melanin pathway genes in shell producing mantle tissue. As 
expected from studies on other mollusc species (namely Mizuhopecten yessoensis, Pteria penguin, 
Hyriopsis cumingii and Crassostrea gigas [12,13,15–17]) these genes are active in the mantle, but 
they don’t show differential expression between band building and background building tissue. This 
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adds to the conclusion that while C. nemoralis does lay down melanin pigments into its shell, 
eumelanin and pheomelanin are not the primary pigments used for the well known polymorphism. 
 
One of the most surprising conclusions to be drawn from the here presented studies is that although 
shell bearing molluscs have the ability to produce eumelanin, and probably also pheomelanin, many 
species don’t use that pigment for patterning their shell. This is contradicting many early works 
indicating eumelanin as a broadly used pigment in molluscs [7,18,19]. For those species shown here 
to have eumelanin in their shells, only C. nemoralis was available in enough sample quantities to 
investigate the spatial distribution of pigment within the shell. This experiment showed that 
eumelanin is not the pigment building the band, as previously assumed [5,6,9]. It would of cause be 
interesting to see wither eumelanin is involved in the patterns of N. pompilius, C. pharaonius and S. 
adriatica. In Clanculus first efforts were undertaken to this end by Williams et al. [10], who tested 
for eumelanin after removing the uppermost pigment bearing shell layer. They found no traces of 
eumelanin were left, proving that the pigment is part of the visible shell colouration. In light of our 
inconclusive results in addition to previous work described above, further experiments on eumelanin 
shell pigmentation in this species would be very interesting, but might be difficult to archive. On top 
of technical difficulties in separating black coloured shell fragments, the availability of enough shells 
might pose a problem. Clanculus pharaonius is one of the most beautiful mollusc shells, and though 
not severely protected at the moment, should be collected with care. 
If these patterns are not built by melanin, the question remains: What pigment is it? At the current 
moment, this is a difficult question to answer. Two other major pigment classes have been shown in 
mollusc shells up to now: Carotinoids and tetrapyrrols [10,14,20–23]. Tetrapyrrols, as porphyrins, 
can appear in a multitude of colours, but they all share a strong fluorescence under UV light [7,10]. 
All species testing negative for eumelanin in chapter 4, except Crassostrea gigas, show no such 
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fluorescence (data not shown here). I would therefore assume that porphyrins can be disregarded as 
likely candidate pigments in these species. Carotinoids on the other hand are a possible source for 
light brown patterns observed. Employing Raman spectroscopy might shed some light on the 
likelihood of carotinoid pigments being responsible for the patterns in these shells. 
Still, the mystery of the dark brown to black pigment (e.g. in Conus marmoreus, but also in C. 
nemoralis) remains unsolved. For C. nemoralis Mann and Jackson [24] observed that there is no 
obvious linkage of pigment to a shell protein as seen in juveniles of Haliotis asinina [25,26]. The 
pigment itself is thermo- and chemo stable and according to Comfort [6] also resists enzymatic 
attempts to attack it. From a chemistry point of view gaining the pigment in clean state might be the 
next step in understanding its nature and allow further tests. A possible hinderance is the amount of 
pigment need, and therefore the amount of shell material required to extract the pigment. Furthermore 
extraction of the pure pigment is difficult to undertake with no clear idea about the chemical nature 
of the molecule. A solution to circumvent these challenges might be to understand the genetic 
background for banding in C. nemoralis. If we were able to understand the genes involved in the 
polymorphism, especially the locus for band pigmentation, we might discover what kind of pigment 
we are looking for. Recent efforts on understanding recombination, epistasis and incomplete 
penetrance in the C. nemoralis supergene, together with more transcriptomic data being available, 
are a solid groundwork for future studies [27,28]. Especially long read sequencing technology might 
prove useful in finally unravelling the C. nemoralis supergene [27]. 
 
Research on patterning mechanisms in the 1980s allowed computational reconstructions of most shell 
patterns found in nature by reaction-diffusion and neural network models [29–31]. But although this 
knowledge is readily available, further investigations were hindered by lacking methods for molluscs 
in both molecular biology and analytical chemistry. Now, new protocols and sequencing techniques 
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are available and we can start understanding these mechanisms. Further investigations based on 
transcriptomic and genomic data, together with in situ expression experiments and investigations on 
pigment chemistry, will hopefully help further our knowledge on these beautiful works of art built by 
nature. 
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APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 2 
Table S1 
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Figure S2 
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Figure S3 
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Figure S5 
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Figure S6 
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Figure S7 
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Figure S8 
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APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 4 
Table S1. 
Melanin markers in μg per g shell sample. Limit of quantitation (LOQ) and limit of detection (LOD) 
were set for each oxidation product as a signal to noise ratio of 10:1 and 3:1 respectively: 
LOQPDCA=0.08 µg/ml, LOQPTCA=0.10 µg/ml, LOQTDCA=0.25 µg/ml, LOQTTCA=0.33 µg/ml;  
LODPDCA=0.03 µg/ml, LODPTCA=0.04 µg/ml, LODTDCA=0.08 µg/ml, LODTTCA=0.10 µg/ml. 
 Eumelanin markers Pheomelanin markers 
Sample PDCA (µg/g) PTCA (µg/g) TDCA (µg/g) TTCA (µg/g) 
M. edulis     
with periostracum 0.036 0.15 <LOD <LOD 
without periostracum <LOQ 0.046 <LOD <LOD 
N. pompilius 0.011 0.025 <LOD <LOD 
C. nemoralis 0.019 0.066 0.936 0.330 
C. pharaonius 0.11 0.02 <LOD <LOD 
S. adriatica 0.501 0.06 <LOD <LOD 
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Figure S1. 
The three replicate samples of C. pharaonius analysed in this study. 
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APPENDIX C: SUPPLEMENTARY MATERIAL FOR CHAPTER 5 
Supplementary Table 1. 
Melanin oxidation product markers in μg per g shell sample (n=3 for each sample, means ± standard 
deviation (SD)). Limit of quantitation (LOQ) was set for each oxidation product as noise to signal 
ration 1:10 by 9-point dilution series (LOQPDCA=0.08 µg/ml), LOQPTCA=0.10 µg/ml, LOQTDCA=0.25 
µg/ml, LOQTTCA=0.33 µg/ml) 
Sample PDCA 
(µg/g)±SD 
PTCA 
(µg/g)±SD 
TDCA 
(µg/g)±SD 
TTCA 
(µg/g)±SD 
pink morph 
background 
0.031±0.008 0.060±0.028 0.311±0.155 < LOQ 
pink morph 
band 
0.051±0.027 0.083±0.037 0.356±0.124 < LOQ 
yellow morph 
background 
0.063±0.037 0.168±0.025 1.384±0.635 0.469±0.243 
yellow morph 
band 
0.081±0.003 0.148±0.028 1.653±0.714 0.736±0.412 
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STAR*Methods 
 
Lead Contact and Materials Availability 
Further information and requests for resources and reagents should be directed to and will be fulfilled 
by the Lead Contact, Daniel John Jackson (djackso@uni-goettingen.de). Melanin oxidation product 
standards must be requested from Prof. Shosuke Ito (Department of Chemistry, Fujita Health 
University School of Health Sciences). 
 
Experimental Model and Subject Details 
Cepaea nemoralis 
Six living animals and approximately 100 empty shells of C. nemoralis were collected at University 
of Göttingen, Germany (51°33'24.0"N 9°57'27.3"E). Empty shells were cleaned and dried, then 
crushed. Shell pieces were sorted according to replicate group and colour fraction. Tissue samples 
were taken from fresh material by careful dissection of mantle and foot tissue. 
 
Method Details 
Shell Extraction, Melanin Oxidation and LC-MS Analyses 
Two major morphs C. nemoralis (pink banded and yellow banded) were investigated by analysing 
their colour sorted shell fragments (pink morph background, pink morph band, yellow morph 
background, yellow morph band; three replicates each, each replicate is comprised of up to 8 shells). 
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Testing for eumelanin and pheomelanin oxidation products was carried out as previously described 
(Affenzeller et al. in prep): Shells were cleaned in deionized water and weighed. Cleaned shell pieces 
were dissolved in 6 M HCl and centrifuged at 13000 rpm for 15 min. Residue was washed twice in 
HPLC grade water and remaining water was carefully removed by pipetting after centrifugation. 
Samples were treated with Proteinase K in 1 M Tris-HCl buffer at 37°C for 2 h. Treatment was 
stopped by acidification with 6 M HCl, samples were centrifuged and washed as described above. 
Oxidation reactions for each sample contained 100 μL H2O, 375 μL 1 M K2CO3 and 25 μL 30% H2O2 
and was carried out for 20h at 25°C under vigorous shaking. Remaining H2O2 was decomposed by 
the addition of 50 μL 10% Na2SO3 and mixture was acidified with 140 μL 6 M HCl. The solution 
was centrifuged at 13000rpm for 40min and supernatant was transferred to a fresh tube. 
Samples were desalted via solid phase extraction on Strata-X 33μm Polymeric Reversed Phase 
columns (200 mg/6 ml Phenomenex, ) under vacuum suction. Columns were conditioned with 5mL 
methanol (MeOH) followed by 5 mL H2O. Shell extract was loaded onto the column diluted in 5 ml 
0.3% formic acid and washed twice with 5 mL 0.3% formic acid. Column was dried for 30 min and 
elution was carried out with 3 mL MeOH followed by 3 mL Ethyl acetate. Solvents were removed 
under constant nitrogen stream at 40°C and samples dissolved in 200 μL H2O. 
Conditions for chromatographic separation were as follows: An aliquote (10 μL) of oxidised sample 
was directly injected into the LC-MS system run with a Gemini C18 column (5 μm particle size, 
250x2 mm; Phenomenex, ) at a flow rate of 0.2 mL/min. The mobile phase of 0.3% formic acid in 
H2O (eluent A) : MeOH (eluent B) (80:20) was run at 45°C over 20 min isocratically, followed by a 
wash step of A : B (5:95) for 10 min and an equilibration phase to starting conditions for 10 min. 
Mass spectrometric measurements were carried out on a Thermo Fisher Scientific (Waltham, USA) 
Accela LC-MS system containing a Finnigan Surveyor PDA Detector and coupled to an LTQ 
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Orbitrap XL mass spectrometer. Ionisation was carried out with an electrospray ionisation (ESI) in 
negative mode. Scan window was set to m/z = 120 - 220. 
 
Reverse transcription quantitative PCR (qPCR) of melanin pathway genes in C. nemoralis 
Four genes that are known to be involved in melanin synthesis and dark pigmentation were chosen 
for qPCR testing: tyrosinase (Tyr), tyrosinase related protein (TyrRP), yellow-like gene (Yellow) and 
laccase 2 (Lacc2). From C. nemoralis mantle tissue transcriptome data set (will be published 
elsewhere) corresponding sequences were extracted based on their alignment score in tblastx 
application of BLAST®. Primer for qPCR were designed with Primer3 (Untergasser et al., 2012). 
Primer sequences and Genbank accession codes are listed in Data and Code Availability section. 
Study design for qPCR experiments followed the protocol described in Affenzeller et al. (Affenzeller 
et al., 2018): Six sub-adult individuals of C. nemoralis were collected at the University of Göttingen. 
Total RNA from pigmented mantle (producing the band in the shell), unpigmented mantle (producing 
background coloured shell) and foot tissue was extracted from each individual using Qiazol (Qiagen) 
according to the manufacturer’s instructions resulting in a total of twelve RNA extractions. These 
underwent a DNase treatment (RQ1 RNase-free DNase, Promega) according to the manufacturer’s 
instructions. Nanodrop and agarose gel electrophoresis were employed to verify quality and integrity 
of RNA. Synthesis of cDNA was carried out with 1 μg of total extracted RNA per sample using 
Promega M-MLV reverse transcriptase and oligo dTs. Reaction was run at 42°C for 75 min, followed 
by 15 min at 70°C to inactivate reverse transcriptase. The cDNA was stored at -20°C until further 
use. 
All qPCR runs followed a maximum sample layout, comply with the MIQE guidelines (Bustin et al., 
2009) and included no template controls (NTC) for each primer pair and three inter run calibrators 
(IRC) EF1α, RNAP and UBI. Samples were run in triplicate, NTC and IRCs were run in duplicate. 
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Amplification reactions contained 5 μL 2x Rotor-Gene SYBR Green PCR Master Mix, 0.4 μL cDNA, 
1μM final Primer concentration and 4.4 μL ddH2O to a final volume of 10 μL. Reactions were run on 
a Rotor-Gene Q (Qiagen) using Rotor-Gene Q software (version 2.0.2) with the following 
temperature profile: 5 min initial activation and denaturation at 95°C; 45 cycles of 5 sec denaturation 
at 95°C, 10 sec annealing and extension at 60°C (data collection at this step); a final melt curve 
analysis from 60°C to 95°C at a rate of 5 sec/1°C. 
 
Quantification and Statistical Analyses 
LC-MS of melanin oxidation products 
Quantitation of melanin oxidation products was carried out by external calibration with standard 
mixtures (obtained from S. Ito). External calibration was set with 9-point calibration curves. Limit of 
quantitation (LOQ) was set as 1:10 noise to signal ratio. All manual peak integrations of 
chromatograms and analyses of mass spectra were done in Xcalibur 2.2 Qual Browser (Thermo 
Scientific, Waltham, USA). Quantitation was based on areas gained from peak integrations of UV 
chromatograms in a range of 250-290 nm. Each colour fraction was run for three replicates 
(comprised of up to eight shells each). Statistical analyses (mean and standard deviation calculations) 
were carried out in Microsoft® Excel® for Office 365 MSO (16.0.11629.20192). 
 
qPCR 
Raw fluorescence data was baseline and amplification efficiency corrected in LinRegPCR (Ruijter et 
al., 2009). Inter run correction was performed using Factor-qPCR (Ruijter et al., 2015). So gained 
corrected cycle threshold (Cq) values were used to calculate the geometric means of technical 
replicates. Normalisation and relative expression were calculated based on the Pfaffl method (Pfaffl, 
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2001) with beta-actin and elongation factor 1 alpha serving as reference genes as previously tested 
for mantle tissue in C. nemoralis (Affenzeller et al., 2018). 
Descriptive statistical analyses (mean and standard deviation calculations) of six biological replicates 
for each sample set (pigmented mantle, unpigmented mantle, foot) were carried out in Microsoft® 
Excel® for Office 365 MSO (16.0.11629.20192). Statistical comparisons between pigmented mantle 
and unpigmented mantle, as well as between all mantle samples and foot tissue, were run in PAST 
3.15 (Hammer et al., 2001) as t-tests using Mann-Whitney as a significance measure (* p≤ 0.05, ** 
p≤ 0.01) 
 
Data and Code Availability 
Primer sequences, amplicon sizes and Genbank accession codes for all genes used for qPCR 
assessments are available here: 
Gene Forward Primer (5' to 3') Reverse Primer (5' to 3') 
Amplicon 
Size (Bp) 
Genbank accession  
BACT CAGAAGCAATGTTCCAGCCA TGAGCCACCAGACAAGACAA 137 
MH035489 
(Affenzeller et al., 
2018) 
EF1α GTACCGGAGAGTTTGAGGCT GAGTAAGGTGGAGTGGTGCT 133 
MH035491 
(Affenzeller et al., 
2018) 
UBI AGAATGCCCCAACAAATGCT AGAATCAGCCTCTTCTCCGG 121 
MH035498 
(Affenzeller et al., 
2018) 
Tyr TCCTACTGGCTTTGGGAGTC GTATCTTGAAGGGCACTGCG 121 n/a 
TyrRP ACCTCCAACTCCCCTCACTA CGAGTTCAACATCCGGCATT 125 n/a 
Yellow ACCTCTTCTATGGGGCCTTG CAACCTCGCTTTCAGTGTCC 117 n/a 
Lacc2 CAAGGTCACATCTGGAACGC TTATCTCTCCTCGTGCGTCC 133 n/a 
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APPENDIX D 
Differentially Expressed Candidate Genes 
Based on a transcriptome gained from three subadults of Cepaea nemoralis (assembly information 
see Chapter 2 (1)) differential gene expression analyses were carried out between pigmented and 
unpigmented mantle tissue. Nine Genes of interest (GOI) were chosen based on p-value score and 
highest differential expression in pigmented tissue for validation in reverse transcription quantitative 
polymerase chain reaction (qPCR) and In situ hybridisation.. These genes were identified based on 
ORF Finder and SmartBlast against SwissProt (https://www.ncbi.nlm.nih.gov/orffinder/) or their 
tblastx score against Nucleotide Collection (nr/nt) (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Highly 
expressed mantle genes with low differential expression were chosen as Mantle reference genes for 
In situ experiments based on previously done proteomic analyses of C. nemoralis (2). Gene names 
and primer sequences for qPCR and In situ hybridisation experiments are listed in Table 1. All primer 
were designed using Primer3 software (3). 
 
 
Figure 1. 
Vulcano Plot of C.nemoralis differential gene 
expression analysis. Left side is unpigmented 
tissue, right side is pigmented tissue. p-value 
decreases along the y-axis. Chosen GOI are 
named and marked with a red dot. 
 
Table 1: GOI names and primer sequences and amplicon lengths are listed for qPCR products and 
riboprobes used in In situ hybridisation experiments. 
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Experimental comparison of GOI between Pigmented mantle tissue and Unpigmented mantle tissue 
were run as described in Chapter 4. In short: 10 sub-adult individuals of C. nemoralis were collected 
at the University of Göttingen. Total RNA from pigmented mantle (producing the band in the shell), 
and unpigmented mantle (producing background coloured shell) was extracted from each individual 
using Qiazol (Qiagen) according to the manufacturer’s instructions. All 20 RNA extractions 
underwent a DNase treatment (RQ1 RNase-free DNase, Promega) according to the manufacturer’s 
instructions. Quality and integrity of RNA were tested via Nanodrop and agarose gel electrophoresis.. 
cDNA synthesis was carried out with 1 μg of total extracted RNA per sample using Promega M-MLV 
reverse transcriptase and oligo dTs. Each reaction was run at 42°C for 75 min, followed by 15 min at 
70°C to inactivate reverse transcriptase. The cDNA was stored at -20°C until further use. Following 
this protocol additional cDNAs were gained for four corresponding Foot tissue samples. Two 
additional individuals were used to gain two Mantle edge and two Mantle back tissue samples. 
Primer pairs used for qPCR are listed in Table 1. All qPCR runs followed a maximum sample layout 
and the MIQE guidelines (4) and included no template controls (NTC) and three inter run calibrators 
(IRC) EF1α, RNAP and UBI. Samples were run in triplicate, NTC and IRCs were run in duplicate. 
Amplification reactions consisted of 5 μL 2x Rotor-Gene SYBR Green PCR Master Mix, 0.4 μL 
cDNA, 1μM final Primer concentration and 4.4 μL ddH2O to a final volume of 10 μL. A Rotor-Gene 
Q (Qiagen) using Rotor-Gene Q software (version 2.0.2) was used with the following temperature 
profile: 5 min initial activation and denaturation at 95°C; 45 cycles of 5 sec denaturation at 95°C, 10 
sec annealing and extension at 60°C (data collection at this step); a final melt curve analysis from 
60°C to 95°C at a rate of 5 sec/1°C. 
Baseline and amplification efficiency correction of raw fluorescence data was done in LinRegPCR 
(5). Inter run correction was performed using Factor-qPCR (6). Geometric means of technical 
replicates were used to gain final corrected cycle thresholds (Ct). Normalisation with beta-actin and 
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elongation factor 1 alpha serving as reference genes as previously tested for mantle tissue in C. 
nemoralis (1) and relative expression were calculated based on the Pfaffl method (7). 
Statistical comparisons between pigmented mantle and unpigmented mantle, as well as between all 
mantle samples and foot tissue and between Mantel edge and Mantle back, were run in PAST 3.15 
(8) as pairwise t-tests using Mann-Whitney as a significance measure. 
 
Three genes were significantly upregulated in Pigmented Mantle tissue according to qPCR results 
(Fig. 2). Cadherin shows a 33-fold upregulation and is highly significantly upregulated (p<0.01). 
Two genes were significantly upregulated in Pigmented Mantle (p<0.05): Adipocyte Plasma 
Membrane Protein and Novel Gene 1. All other genes did not show significant normalized expression 
differences between Pigmented and Unpigmented Mantle tissue. 
 
To verify Mantle Reference Gene 1 (MR1)’s upregulation in Mantle tissue qPCR comparisons 
between Mantle tissue and Foot tissue were run. In addition Mantle edge and Mantle back tissue 
expression rates were measured as well. Surprisingly MR1 was found to be significantly higher 
expressed in Foot tissue than in Mantle tissue (Fig. 3). No significant expression difference was found 
between Pigmented Mantle and Unpigmented Mantle, as well as between Mantle edge and Mantle 
back tissue samples (Fig. 3). 
Figure 2: Normalized Relative 
Expression (ddCt) between Pigmented 
Mantle tissue (top) and Unpigmented 
Mantle Tissue (bottom). Significance 
values according to Mann-Whitney 
after pairwise t-test comparisons. 
Figure 3: or alized 
Expression (ddCt) for different tissue
samples from qPCRs of Mantle
Reference Gene 1. Sign ficant
upregulation in Foot issue was found in
Mann-Whitney after pairwise t-tests. 
     
     
    
    
    
    
    
                                 
               
                         
 
 
  
  
  
  
  
  
  
  
  
  
 
  
  
  
 
 
Pigments, Colours and Patterns     Dissertation Susanne Affenzeller 2019 
 
 
 
119 
 
 
In situ hybridisation on C. nemoralis embryos and sub adult tissue section 
Wholemount In situ hybridisation (WMISH) and tissue section In situ hybridisation (TSISH) for C. 
nemoralis were based on protocols previously established for a limnic gastropod Lymnea stagnalis 
(9–12). 
Individuals of C. nemoralis were collected from the University of Göttingen in spring and summer. 
Sub-adults were fixed for tissue sections as described in detail below. Adults were kept in glass 
terraria on Cocos substrate mixed with sand and chalk. Terraria were kept humid and snails were fed 
regularly with salad, cucumber and occasionally carrots. Egg clutches were carefully removed from 
terraria once spotted and reared in plastic containers with soil under humid conditions. 
Observations of mating behaviour and egg clutch development confirmed difficulties in keeping the 
animals in conditions perfect for mating. Mating only occurred in first season after collection. 
Keeping individuals over winter with hibernation phase was possible but no further mating occurred. 
Clutch development seems to be asynchronous and egg capsules are opaque and easily broken when 
handled, making clutch staging very difficult. WMISH were therefore conducted on young juveniles 
(max. 5mm shell diameter) exhibiting first signs of shell banding. 
Juvenile fixation was carried out in 3.7% paraformaldehyde (PFA) for 5 min. Samples were then 
thoroughly washed in PBS (phosphate buffered saline solution) and shells were carefully taken of 
with forceps and needles. Juveniles were treated in Proteinase K solution (500 μg/ml) for 10 min and 
the digestion was stopped with two washes of 0.2% Glycine. All samples were thoroughly washed in 
PBS and fixed for 30 min in 3.7% PFA. Fixative was washed of with PBS. Pre-hybridisation was 
carried out at 55°C for 15 min. Riboprobes were synthesised from PCR products generated with In 
situ primer pairs listed in Table 1 following the protocol in (9). Riboprobe concentrations were trialled 
at 300-500 ng/ml. Hybridisation followed an initial denaturation step of 75°C for 15 min and was 
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done for approximately 24h at 55°C. Post hybridisation washes and treatment were carried out 
according to (9) including colour development. Colour development duration varied from 10 min to 
several hours. 
 
Figure 4: Unspecific WMISH staining of juvenile C. nemoralis A-C Mantle Reference Gene 1 (MR1) 
D-F Cadherin G-I Yellow 
WMISH experiments for MR1 resulted in only minor unspecific staining along the mantle tissue (Fig. 
4 A & C) and artefact staining at the columella attachment muscle (Fig. 4 B). The GOIs Cadherin 
and Yellow were also trialled in WMISH, but although staining along the mantle edge could be 
observed in both genes, this could not be verified as a true signal (Fig. 4 D-I). In addition background 
signal in the digestive gland, the pneumostome and the columellar muscle was visible (Fig. 4 F-H). 
The mantle edge signal in both genes also doesn’t correspond with the expected banding pattern (one 
banded juveniles). 
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Due to the limitations in individual numbers and difficulties in rearing juveniles further optimisation 
of a WMISH protocol would be very time intensive and detrimental to population numbers. Finding 
a good reference gene and overcoming the strengthened skin barrier of this terrestrial gastropod 
should be the next steps to adjust published protocols for this species. 
One approach was switching the experimental set up to In situ hybridisations on sub-adult tissue 
sections. This allowed us to use larger animals with distinct banding patterns and at the same time 
provides more experiments per individual. Optimisation of the protocol in (10) and (12) yielded the 
following adjustments. Four different fixation schemes were trialled: 3.7% PFA, Carnoy’s (60% 
ethanol, 30% chloroform, 10% glacial acetic acid), Methacarn (60% methanol, 30% chloroform, 10% 
glacial acetic acid), 100% ethanol. Snails with slightly damaged shells were left in the respective 
fixative for 60 min. After thorough washing and removal of the shell, samples were dehydrated 
through an ethanol series. Each snail was dissected along its midline, allowing a smooth placing in 
the cassette with a clear cutting start of the mantle edge. Samples were treated to three changes of 
100% xylene and submerged in paraffin overnight. Setting in the cassette was carefully done with 
forceps and the samples were cooled for at least three hours. Microtome cut sections of 8 μm were 
adhesed to polylysine coated slides overnight at 60°C. Slides were treated with 100% xylene and 
rehydrated before hybridisation treatment. Proteinase K treatment was carried out for 10 min with 
concentrations of either 50 μg/ml or 100 μg/ml. Riboprobe synthesis from PCR products gained form 
primer pairs in Table 1 was conducted as described above. Hybridisation with probe concentration of 
800 ng/ml was done for 24 hours at 55°C, followed by washes and blocking as described in (12). 
Samples were treated with anti DIG antibody conjugated to alkaline phosphatase (concentration 
1/10000) for 12 hours. Final washes and colour development were carried out according to the 
protocol in (12). 
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Figure 
5: Tissue slide In situ hybridisations of Mantle Reference Gene 1 on sub-adult C. nemoralis. Typically 
unspecific spotted staining independent of fixation and Proteinase K treatment. 
 
Independent of fixation scheme no clear signal for MR1 could be achieved (Fig. 5). In general paraffin 
penetration in all samples was poor. Some individuals seemed to be severely underfixed. Proteinase 
K treatment variations didn’t have obvious effects on tissue preservation or signal intensity. Further 
tests with Mantle Reference Genes 2-5 didn’t yield any better results (not pictured here). More 
research and method optimisation is needed to improve this protocol for samples of C. nemoralis. 
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Especially tissue penetration should be further researched, as it seems these animals have a much 
stronger skin barrier than other molluscs. This is unsurprising considering the habitat they are 
commonly found in is dry and they have to adjust for water loss. It can also not be said with certainty 
that there are no inhibiting factors influencing these In situ experiments. 
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